All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

During meiosis, correct homologous chromosome pairing and separation requires the repair of programmed, meiosis-specific, DNA double-strand breaks (DSBs), induced by a meiosis-specific topoisomerase type II-like complex \[[@pgen.1008595.ref001]--[@pgen.1008595.ref003]\], in species ranging from yeast to mammals. The machinery that generates and repairs the DSBs is meiosis-specific, but contains many proteins that also function in homologous recombination (HR) repair of DSBs in somatic cells (reviewed in \[[@pgen.1008595.ref004]\]). In somatic HR (mainly active during S or G2 phase), the DNA of DSBs is resected, resulting in the formation of two 3'single-strand (ss) DNA ends, coated by the ssDNA binding protein complex RPA. Subsequently, RPA is replaced by the recombinase RAD51. This enzyme forms a protein filament on the DNA and is capable of mediating strand invasion and strand displacement (D-loop formation) \[[@pgen.1008595.ref005]\]. This allows subsequent steps in repair, involving recovery of the missing information from the intact sister chromatid.

Meiotic DSB ends are also resected, but in addition to RPA, meiosis-specific ssDNA binding proteins also associate with the processed ssDNA ends \[[@pgen.1008595.ref006],[@pgen.1008595.ref007]\]. RPA is then displaced by the canonical recombinase RAD51, and its meiosis-specific paralog DMC1 (53.6% amino acid identity to RAD51 in mouse) \[[@pgen.1008595.ref008],[@pgen.1008595.ref009]\]. The two recombinases appear to colocalize in mouse spermatocytes and oocytes when imaged with standard microscopy techniques \[[@pgen.1008595.ref010],[@pgen.1008595.ref011]\]. In *A*. *thaliana* atRAD51 and atDMC1 have been detected as paired foci, suggesting that each of the two DSB ends may be coated by a different recombinase \[[@pgen.1008595.ref012]\]. However, recent super-resolution imaging in *S*. *cerevisiae* has indicated that multiple small DMC1 and RAD51 filaments may accumulate on both ends of a meiotic DSB, and paired co-foci were observed at lower resolution \[[@pgen.1008595.ref013]\]). Mouse spermatocytes are very suitable for immunocytology, due to their relatively large size, and well-organized patterns of chromosomal axes. These are used to substage meiotic prophase, using antibodies targeting meiosis-specific chromosomal axis proteins such as SYCP2 and SYCP3, that form the platform on which the programmed DSBs are processed \[[@pgen.1008595.ref014]\]. Here we addressed the nanoscopic localization of RAD51 and DMC1 during mouse meiotic prophase. First, we assessed the overall distribution of RAD51/DMC1 foci in the nucleus using confocal microscopy. Next, we employed a combination of Structured Illumination Microscopy (SIM) and direct Stochastic Optical Reconstruction Microscopy (dSTORM) in two colours to visualize nanoscopic details of RAD51 and DMC1 foci in mouse meiotic prophase nuclei. We compared the localization pattern of the two recombinases in wild type spermatocytes with spermatocytes lacking the transverse filament protein SYCP1 (*Sycp1*^*-/-*^). In the absence of this core component of the synaptonemal complex homologous chromosomes align but fail to synapse, resulting in the persistence of meiotic DSB repair foci \[[@pgen.1008595.ref015]\].

Our results show that most repair foci contain single RAD51 and DMC1 nanofoci that are in close proximity to each other, with or without one much smaller additional RAD51 or DMC1 nanofocus at larger distance. As prophase progresses, configurations become more complex, and the major domain elongates, but this is dependent on the presence of SYCP1. One of the possible interpretations of these data may be that foci configurations with a single partially overlapping RAD51 and DMC1 structure represent filament formation on one end of a meiotic DSB, and that the distance to the other end is highly variable, precluding frequent observation of co-foci. In addition, the relatively frequent occurrence of the D2R1 and D1R2 configurations indicate that there may be stochastic variations in filament formation and/or in chromatin binding patterns of RAD51 and DMC1. This work is a first step towards unravelling the exact molecular composition of the meiotic recombination machinery in time and space in single cells.

Results {#sec002}
=======

Non-random distribution of RAD51-DMC1 foci along axial elements {#sec003}
---------------------------------------------------------------

Previous analyses performed on *S*. *cerevisiae* meiocytes have indicated non-random occurrence of pairs of RAD51-DMC1 co-foci \[[@pgen.1008595.ref013]\]. RAD51 and DMC1 also colocalize in easily discernible repair foci in mouse spermatocytes and oocytes \[[@pgen.1008595.ref008],[@pgen.1008595.ref011]\] but formation of pairs of such foci has not been described, and is also not immediately evident from the microscopic images that can be obtained ([Fig 1A](#pgen.1008595.g001){ref-type="fig"}). In mouse, these foci are usually analysed in combination with visualization of the axial/lateral elements of the SC, since it is known that the meiotic DSBs localize along these axes. Previously, non-random distribution of markers of repair foci along the axial elements of specific chromosomes has been shown for late zygotene and pachytene spermatocytes, providing evidence for different levels of crossover interference \[[@pgen.1008595.ref016]--[@pgen.1008595.ref018]\], but such analyses have not been performed for earlier stages. To ensure nonbiased quantification of immunosignals we used FIJI to automatically select foci in leptotene and zygotene nuclei, see [Materials and Methods](#sec015){ref-type="sec"} for details. We then counted the numbers of RAD51 and DMC1 foci ([S1A Fig](#pgen.1008595.s001){ref-type="supplementary-material"}), and used these numbers to simulate random distributions of the same number of artificially generated foci. We observed that RAD51 and DMC1 foci localization was mostly confined to the areas in which the axial and lateral elements of the SC were forming upon visual inspection of the images. Since this feature generates a non-random organisation of the foci in the nucleus, we used a mask to select only those foci that were located on the chromosomal axes (examples of selected foci and raw images are shown in [Fig 1A--1C](#pgen.1008595.g001){ref-type="fig"}), and used these foci numbers to also simulate random distributions of the same number of artificially generated foci along the areas covering the SYCP3 signal for each nucleus as described in Materials and Methods (see examples in [Fig 1A--1C](#pgen.1008595.g001){ref-type="fig"}). This second analysis allowed assessment of random or non-random distribution of DSB-repair foci along the axial/lateral elements. In leptotene, the use of the mask led to a reduction of 40 and 38% of the DMC1 and RAD51 foci, respectively, whereas 27% of DMC1 foci and 22% of the RAD51 foci located outside of the mask in zygotene. These "lost foci" are expected to represent background signal, as well as some sites of true RAD51 and DMC1 accumulation on DSB repair sites not localised on the axial/lateral elements. Subsequently, we determined the nearest distance between RAD51 and DMC1 foci, as well as the RAD51-RAD51 and DMC1-DMC1 distances for both types of foci selection. These analyses showed that 55% (all foci) or 80% (on the mask), and 57% (all foci) or 67% (on the mask) of the analysed DMC1 foci on had a RAD51 neighbour at a distance shorter than 300 nm in leptotene and zygotene, respectively (For p-values and other statistical parameters see [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}), reflecting the overall colocalization. Analyses of DMC1-DMC1 and RAD51-RAD51 distances also revealed a non-random distribution ([Fig 1B and 1D](#pgen.1008595.g001){ref-type="fig"}, [S1B Fig](#pgen.1008595.s001){ref-type="supplementary-material"} and [S1C Fig](#pgen.1008595.s001){ref-type="supplementary-material"}) for both the analyses performed on all foci, and the foci on the mask. Also, for both types of analyses distances between 500 and 800 nm occurred more frequently than expected based on a random distribution. This could be explained by the fact that DSB foci are generally excluded from specific regions, such as constitutive heterochromatin and near centromeric areas, causing foci to be in closer proximity to each other than expected based on random distribution. However, the rather sharp peaks of RAD51-RAD51 and DMC1-DMC1 nearest neighbour distances around 800 nm in zygotene within the DSB-foci positive SC regions, indicate additional non-random distribution. This could reflect a form of interference between DSBs, since the foci appear organized as beads along a string of SC. However, we also cannot exclude that some of these distant foci actually represent a pair of single ends of a DSB at a preferred distance of around 800 nm to each other, similar to the co-foci observed in yeast, at shorter distance \[[@pgen.1008595.ref013]\]. The fact that the peaks around 800 nm are somewhat more pronounced when the mask is not used, may (at least in part be caused by background signal. In addition, some foci may localise just outside the mask, away from the axes, at around 800 nm distance from foci on the axes, and contribute to the 800 nm peak frequency.

![Nearest neighbour analyses of confocal microscopy images of RAD51 and DMC1 foci on the synaptonemal complex axes.\
A), C) Top left, example confocal image of triple stained leptotene (A) and zygotene (C) nucleus, with primary antibodies for RAD51, DMC1, and SYCP3, and appropriate secondary antibodies conjugated with Alexa 488 (green), Alexa 647 (red), and Alexa 555 (blue), respectively; single DMC1 and RAD51 images are shown in greyscale below; the SYCP3 mask generated as described in Materials and Methods is shown to the right of the triple staining; the two top right images show the DMC1 and RAD51 foci that localize on the mask, and below them, the same number of foci randomly distributed on the mask (scale bars represent 10 μm). B), D) Relative frequency distribution of nearest neighbour distances between DMC1 and RAD51 (left), DMC1 and DMC1 (middle), and RAD51 and RAD51 (right) foci on the SYCP3 masked regions in leptotene (B, n = 7 nuclei; 606 DMC1 foci, 712 RAD51 foci) and zygotene (D, n = 6 nuclei; 471 DMC1 foci, 462 RAD51 foci) wild type nuclei. Distances were binned in 100 nm bins, distances larger than 3.4 μm were labelled as rest. Grey bars, experimental data; red bars, simulated data (see [Materials and Methods](#sec015){ref-type="sec"}). p-values of Kolmogorov-Smirnov tests are indicated in the graphs.](pgen.1008595.g001){#pgen.1008595.g001}

Composition of meiotic recombination foci revealed by super-resolution imaging {#sec004}
------------------------------------------------------------------------------

To establish precisely how RAD51 and DMC1 accumulate relative to each other at distances smaller than 300 nm, we visualized RAD51, DMC1, and SYCP3, using SIM and dSTORM, ([Fig 2A--2E](#pgen.1008595.g002){ref-type="fig"}). By utilizing a microscope that combines SIM and dSTORM, we were able to visualise the same field-of-view applying both techniques with the same objective lens ([Fig 2A and 2B](#pgen.1008595.g002){ref-type="fig"}). The SIM images were used to visualise synaptonemal complexes (SCs), to be able to identify the substage of meiotic prophase and meiotic DSB foci (also in the SIM image), which were further analysed in images acquired by dSTORM. In DMC1 and RAD51 co-staining experiments, the two proteins displayed distinct localisation patterns, both in SIM and dSTORM images ([Fig 2C and 2D](#pgen.1008595.g002){ref-type="fig"}).

![Meiotic DSB foci in super-resolution.\
A) Cropped region from a SIM image of a spread mouse late zygotene nucleus immunostained with primary antibodies for RAD51, DMC1, and SYCP3, and appropriate secondary antibodies conjugated with Alexa 488 (green), Alexa 647 (red), and Alexa 555 (white), respectively. B) SYCP3 SIM overlayed with RAD51/DMC1 dSTORM images of boxed region in A). C) Close-up of single DSB foci present on the synaptonemal complex shown in A). D) The same foci visualized with dSTORM. E) Single DSB foci of three types (left panels D1R1, middle panels D2R1, right panels D1R2) represented by 2 different visualisation/analysis methods: scatter plot of localisations and merged binary representation of the kernel density estimation. F) Compilation of all ROIs of a single late zygotene nucleus (indicated with an asterisk in [S2 Fig](#pgen.1008595.s002){ref-type="supplementary-material"}). ROIs are sorted by their DxRy configuration, from most frequent to rare configuration. G) Fraction of foci containing the indicated number of RAD51 or DMC1 nanofoci per focus as a percentage of the number of foci per genotype. H) fraction of foci containing the indicated combinations of RAD51 and DMC1 nanofoci per focus as a percentage of the number of foci per genotype. Combinations that represented less than 1% of the foci in both wild type and Sycp1^-/-^ were grouped in the category referred to as rest. Scale bars in C-E represent 100 nm. Error bars represent SEM values. Results of statistical analyses are described in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}.](pgen.1008595.g002){#pgen.1008595.g002}

A total dataset of 2315 manually selected foci (ROIs of 600 nm diameter circles drawn around the centre of each focus, to allow separate selection of foci at distances of \>300 nm) was generated by analysis of 18 nuclei in different meiotic substages, imaged in four independent experiments ([S2 Fig](#pgen.1008595.s002){ref-type="supplementary-material"}, [S1 Table](#pgen.1008595.s006){ref-type="supplementary-material"}). The maximum number of foci per nucleus was observed in early zygotene, corresponding well with what we and others have reported previously \[[@pgen.1008595.ref011],[@pgen.1008595.ref019],[@pgen.1008595.ref020]\].

Most foci contain a major configuration consisting of one RAD51 and one DMC1 nanofocus {#sec005}
--------------------------------------------------------------------------------------

Many different configurations of RAD51 and DMC1 assemblies can be discerned ([Fig 2F](#pgen.1008595.g002){ref-type="fig"}). To quantify and categorize the different patterns of RAD51 and DMC1 localisation events objectively, we generated binary images to identify specific discrete RAD51 and DMC1 areas wherein localisation event number and density fulfilled the set criteria (see [materials and methods](#sec015){ref-type="sec"}), within the ROIs. We refer to these as nanofoci, to discriminate them from the DSB repair foci that are represented by the ROIs ([Fig 2E](#pgen.1008595.g002){ref-type="fig"})\[[@pgen.1008595.ref021]\]. We quantified the number of nanofoci within each ROI and observed that for both RAD51 and DMC1 a single nanofocus within a ROI was most frequently observed ([Fig 2G](#pgen.1008595.g002){ref-type="fig"}). Foci with multiple RAD51 or DMC1 nanofoci were also present, and were somewhat more frequent (1.6 fold, p = 0.0106 (two-sided t-test) for DMC1 compared to RAD51 ([Fig 2G](#pgen.1008595.g002){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). Next, we quantified the different RAD51 and DMC1 nanofocus combinations in our ROIs dataset in order to assess how the two recombinases relate to each other within each ROI. In the distribution of nanofocus combinations, 69% of the total population of ROIs fell within three specific groups: one DMC1 nanofocus and one RAD51 nanofocus (D1R1, 41%), two DMC1 nanofoci with a single RAD51 nanofocus (D2R1, 17%), or two RAD51 nanofoci and one DMC1 nanofocus (D1R2, 11%) ([Fig 2H](#pgen.1008595.g002){ref-type="fig"}). Only 6% of the foci contained 2 nanofoci of each recombinase (D2R2), and all other combinations occurred at lower frequencies.

We also analysed a mouse mutant model in which assembly of the synaptonemal complex (SC) is incomplete due to the absence of the central or transverse filament of the SC (*Sycp1*^-/-^, 2 animals, two independent experiments, 10 nuclei, 2042 manually selected foci ([S3 Fig](#pgen.1008595.s003){ref-type="supplementary-material"}, [S1 Table](#pgen.1008595.s006){ref-type="supplementary-material"}) \[[@pgen.1008595.ref015]\]. In spermatocytes from these mice, homologous chromosomes show pairing but no synapsis, and the distances between paired axial elements are larger than between lateral elements in synapsed SCs in the wild type (around 80 nm in wild type and 200 nm in the knockout) \[[@pgen.1008595.ref015]\]. In this mutant, leptotene appears normal, and the number of DSB foci observed at this stage is similar to the maximum number observed in wild type spermatocytes, but the failure to synapse disturbs subsequent stages, and prevents completion of meiotic DSB repair (\[[@pgen.1008595.ref015],[@pgen.1008595.ref022]--[@pgen.1008595.ref025]\] and [S3 Fig](#pgen.1008595.s003){ref-type="supplementary-material"}). Overall, DxRy configurations were present in similar frequencies in wild type and *Sycp1*^-/-^ nuclei, although D1R2 and other configurations with more than one RAD51 nanofocus were observed somewhat more frequently (1.35 fold, p = 0.048 (two-sided t-test)) in the knockout ([Fig 2G and 2H](#pgen.1008595.g002){ref-type="fig"} and [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}).

Next, we also manually classified all binary images based on the observed shapes and sizes of the binary images of the nanofoci. We observed several typical configurations. First, we defined a so-called "simple" structure consisting of a relatively large D nanofocus and a large R nanofocus with roundish shapes, that partially overlapped, and that may or may not have additional RAD51 or DMC1 nanofoci that were separate and generally much smaller ([Fig 3A](#pgen.1008595.g003){ref-type="fig"}: "simple"). This simple structure was frequently observed in wild type as well as *Sycp1*^*-/-*^ spermatocytes ([Fig 3B--3E](#pgen.1008595.g003){ref-type="fig"}). Interestingly, its relative frequency was rather constant in wild type, but showed a tendency to decrease in zygotene- and pachytene-like nuclei compared to leptotene in *Sycp1*^*-/-*^ spermatocytes (2.3 fold difference, p = 0.06, [Fig 3D and 3E](#pgen.1008595.g003){ref-type="fig"}).

![Morphological classification of RAD51-DMC1 configurations.\
A). All foci were classified as simple, complex, separate, D1R2 bridge, D2R1 bridge, or paired as described in the main text. Examples of each are shown for (from left to right), D1R1 D1R2, D2R1, D2R2, DxRy. B) and C) Average number of foci per cell, per morphological classification, and D) and E) average fraction of foci per cell per morphological classification in leptotene (dark grey), zygotene (gray) and pachytene (light gray) of wild type (B, D) and Sycp1^-/-^ (C, E) nuclei. Error bars indicate SEM.](pgen.1008595.g003){#pgen.1008595.g003}

Second, a combination of more complex partially overlapping shapes of a major D and major R nanofocus was also frequently observed in both wild type and *Sycp1*^*-/-*^ spermatocytes ([Fig 3A](#pgen.1008595.g003){ref-type="fig"}: "complex", and [Fig 3B--3E](#pgen.1008595.g003){ref-type="fig"}). Again, additional nanofoci were usually relatively small compared to the two main nanofoci. Together, these so-called simple and complex foci comprised the majority of all configurations in both wild type (69±2.8% (SEM)) and *Sycp1*^*-/-*^ nuclei (70±3.6% (SEM)). This result indicated that the D1R1 foci could actually be representative for a much larger fraction of the DxRy foci if the small additional nanofoci were considered "satellites".

A third notable structure that was observed for D1R2, D2R1, and also for ROIs containing more nanofoci, was termed "bridge" ([Fig 3A](#pgen.1008595.g003){ref-type="fig"} "bridges", 11% of all foci in wild type and 14% in *Sycp1*^*-/-*^). These contained 2 DMC1 nanofoci that were connected (via a partial overlap of signal) by one RAD51 nanofocus (D2R1 bridge), or the reverse situation (D1R2 bridge), with or without additional nanofoci. For the D2R1 bridge structure, the relative frequency tended to be higher in late zygotene and pachytene compared to the earlier stages in wild type (3.5 fold increase, p = 0.056), but not in the *Sycp1*^*-/-*^ spermatocytes ([Fig 3D and 3E](#pgen.1008595.g003){ref-type="fig"}). Conversely, the relative D1R2 bridge frequency did not differ between substages in wild type, but was observed more frequently in zygotene- and pachytene-like *Sycp1*^*-/-*^ spermatocytes compared to leptotene, although this was not significant (fold difference 2.12, p = 0.091) ([Fig 3D and 3E](#pgen.1008595.g003){ref-type="fig"}).

Special attention was given to the occurrence of what could be considered as paired configurations, defined as a separated twin set of partially overlapping RAD51 and DMC1 nanofoci ([Fig 3A](#pgen.1008595.g003){ref-type="fig"}: "paired" and [S4 Fig](#pgen.1008595.s004){ref-type="supplementary-material"}). These should be mostly represented in the D2R2 subgroup. However, only 34 of the total of 142 D2R2 foci in the wild type have a "paired" appearance and the majority of these also fell in the "simple" or "complex" category, meaning that there was a major nanofocus of both RAD51 and DMC1 that were partially overlapping, and then two separate and relatively small satellites; one for RAD51 and one for DMC1 (all binary images of the wild type D2R2 foci are shown in [S4 Fig](#pgen.1008595.s004){ref-type="supplementary-material"}). The overall frequency of paired configurations appears similar in both wild type and *Sypc1*^*-/-*^ spermatocytes and never exceeded 8% of the total ([Fig 3B](#pgen.1008595.g003){ref-type="fig"}).

Finally, a small rather constant fraction of the foci contained only separate RAD51 and DMC1 nanofoci ([Fig 3A](#pgen.1008595.g003){ref-type="fig"}: "separate", and [3B](#pgen.1008595.g003){ref-type="fig"}).

The results of this manual nanofoci shape analyses confirmed the notion that paired RAD51-DMC1 co(nano)foci occurrence is rare, and confirmed the major contribution of D1R1 nanofoci. It also hinted towards biological relevance of the bridged D2R1 and D1R2 structures, since their relative frequencies showed different dynamics as prophase progressed different in *Sypc1*^*-/-*^ compared to wild type spermatocytes. Given the high relative frequencies of the D1R1, D2R1 and D1R2 configurations in both wild type and *Sypc1*^*-/-*^ spermatocytes, we next focussed on these three groups, leaving the more complex DxRy configurations aside based on the observations that most of these resemble one of these three groups with the addition of one or more extra "satellite" structures. We thus quantified the dynamics of nanofoci stoichiometry, and performed further analyses of nanofoci organisation within the D1R1, D2R1 and D1R2 groups using computational approaches.

Temporal analysis of D1R1, D2R1, and D1R2 configurations during meiotic prophase {#sec006}
--------------------------------------------------------------------------------

In both wild type nuclei and *Sycp1*^*-/*-^ nuclei, the D1R1 configuration was the most abundant configuration at leptotene, suggesting that this is an early configuration ([Fig 4A and 4B](#pgen.1008595.g004){ref-type="fig"}). In the transition to zygotene in the wild type, a reduction of the D1R1 configuration fraction (p = 0.01) was observed, parallel to a 2-fold increase in the fraction of D2R1 foci, but the latter did not reach significance ([Fig 4C](#pgen.1008595.g004){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}, p = 0.12 (two-sided t-test)). In contrast, the D1R2 fraction remained constant. In *Sycp1*^*-/*-^ spermatocytes, the average number of D1R1 foci per cell was higher in pachytene-like compared to zygotene-like nuclei ([Fig 4B](#pgen.1008595.g004){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"} p = 0.017(two-sided t-test)), and the fraction of D1R1 foci did not display a significant change, although it also tended to increase from zygotene to pachytene (p = 0.068 (two-sided t-test)) ([Fig 4D](#pgen.1008595.g004){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). The number of D2R1 foci remained constant during the different analysed stages of the *Sycp1* knockout ([Fig 4B](#pgen.1008595.g004){ref-type="fig"}), but the fraction of D2R1 foci decreased as prophase progressed in the knockout ([Fig 4D](#pgen.1008595.g004){ref-type="fig"}, p = 0.03 between pachytene and leptotene (two sided t-test, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). In contrast, the D1R2 foci number and fraction tended to increase in pachytene compared to zygotene (not significant, p = 0.06 (number) and p = 0.18 (fraction) (two-sided t-test), [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). Next, we determined the fraction of foci that was on synapsed versus unsynapsed axes for each wild type zygotene nucleus and compared this to the distribution of D1R1, D2R1, and D1R2 foci in the same nuclei. Interestingly, compared to the distribution of all foci, the D1R1 configuration was slightly enriched on synapsed axes while the D1R2 configuration localized preferentially on unsynapsed axes in wild type zygotene nuclei, (p = 0.017, p = 0.037 respectively, two-sided paired t-test, [Fig 4E](#pgen.1008595.g004){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}).

![Dynamics of D1R1, D2R1, and D1R2 foci numbers during progression of meiotic prophase in wild type and Sycp1^-/-^ spermatocytes.\
Average number (A,B) and fraction (C,D) of D1R1, D2R1, and D1R2 foci per cell per stage for wild type (A, C) and Sycp1^-/-^ (B, D) spermatocytes. E) Fraction (right) of all foci, compared to the fraction of D1R1, D2R1 and D1R2 foci on synapsed or unsynapsed synaptonemal complexes, per nucleus at the zygotene stage. Error bars indicate SEM, p-values can be found in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}.](pgen.1008595.g004){#pgen.1008595.g004}

In general, we did not observe any overt specific distribution pattern of the different configurations relative to each other along the SC at the different stages of meiotic prophase ([S5A Fig](#pgen.1008595.s005){ref-type="supplementary-material"}).

Asymmetrical distribution of RAD51 and DMC1 nanofoci relative to each other and to the axial/lateral elements of the SC {#sec007}
-----------------------------------------------------------------------------------------------------------------------

To investigate the spatial organization of nanofoci in the most frequently occurring configurations further (D1R1, D2R1 and D1R2), we determined the center of mass of every nanofocus in each ROI and measured the distance between the center of each RAD51 nanofocus(s) and each DMC1 nanofocus(s) ([Fig 5A and 5B](#pgen.1008595.g005){ref-type="fig"}). Interestingly, minimum distances coherently clustered at approximately 70 nm (wild type/*Sycp1*^*-/-*^;68.4±1.2 SEM/75.8±1.1 SEM) for all analysed foci configurations in wild type and *Sycp1* knockout nuclei. Thus, almost all foci that contain more than one RAD51 and/or DMC1 nanofocus, contain at least one RAD51 and one DMC1 nanofocus in close proximity to each other, the minimal distance averaging at \~70 nm, ([Fig 5A](#pgen.1008595.g005){ref-type="fig"}). Since only a single nanofocus is present for each of the individual recombinases in the D1R1 group, the distribution of the maximum distance was the same as for the minimum distance. Importantly, it completely overlapped with the first peak of the distribution of maximum distances of all configurations. This shows that all foci with more than one RAD51 and/or DMC1 nanofocus, always have at least one RAD51-RAD51, DMC1-DMC1, or RAD51-DMC1 nanofoci distance that is larger, with an average distance of around 300 nm (wild type/*Sycp1*^*-/-*^;287.4±2.7 SEM/308.6±2.8 SEM ([Fig 5B](#pgen.1008595.g005){ref-type="fig"}).

![Distances between DMC1 and RAD51 nanofoci, and area occupancy.\
A) Distribution of the minimum distances between the center of mass of RAD51 and DMC1 nanofoci in wild type (middle panel) and Sycp1^-/-^ (right panel) foci. Dashed lines with grey fill represent all foci, the D1R1, D1R2 and D21R1 subgroups are depicted in blue, light red, and red histograms, respectively. B) As in A) but maximum distances are depicted. C) Area of RAD51 and DMC1 nanofoci in D1R1 subgroup. Error bars indicate SEM, asterisks indicate significant difference compared to leptotene (p\<0.05). n indicated number of foci. D) As in C) but area of RAD51 and DMC1 close and far nanofoci in D2R1 subgroup are shown. E) As in D) but area of RAD51 and DMC1 close and far nanofoci in D1R2 subgroup are shown. p-values can be found in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}.](pgen.1008595.g005){#pgen.1008595.g005}

This observation of asymmetry allowed us to define close and far nanofoci in both the D2R1 and the D1R2 configurations. Interestingly, we observed a large close nanofocus and a small far nanofocus irrespective of whether two RAD51 or two DMC1 nanofoci were present ([Fig 5C--5E](#pgen.1008595.g005){ref-type="fig"}). Thus, the measured larger distance between the two DMC1 or RAD51 nanofoci in the D2R1 and D1R2 configurations can be interpreted as more spatial separation, and is not caused by a second structure that is very spread out in its localisation pattern (since the far nanofocus is always relatively small). DMC1 area sizes of the close nanofoci and single nanofoci are all rather similar in wild type nuclei, and the same holds true for close and single RAD51 nanofoci. Still, the areas of these large nanofoci were decreased in zygotene in the D1R1 foci ([Fig 5C](#pgen.1008595.g005){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}), and the same was observed for the large DMC1 nanofocus in the D2R1 configuration. In addition, the far-DMC1 nanofocus in the D2R1 displayed a small but gradual increase in size as meiotic prophase progressed ([Fig 5D](#pgen.1008595.g005){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). Of note, RAD51 area sizes and DMC1 area sizes did not change during prophase for the D1R2 configuration.

In *Sycp1*^*-/-*^ spermatocytes, no consistent patterns in area size changes as prophase progressed were apparent ([Fig 5C--5E](#pgen.1008595.g005){ref-type="fig"}).

In the wild type nuclei, we next analysed the distance of the center of mass of all RAD51 and DMC1 nanofoci to a line manually drawn through the center of the SYCP3 signal in zygotene and pachytene nuclei ([Fig 6A and 6B](#pgen.1008595.g006){ref-type="fig"}). When all foci were analysed together, we observed that DMC1 was somewhat further away compared to RAD51 ([Fig 6C](#pgen.1008595.g006){ref-type="fig"}, p = 0.00116 (Mann Whitney U test), [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). When the D1R1, D2R1 and D1R2 foci were analysed separately, a significantly larger DMC1 distance was only observed for the far DMC1 nanofocus in the D2R1 configuration ([Fig 6C](#pgen.1008595.g006){ref-type="fig"}, p = 0.0075 (Mann Whitney U test) [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}).

![Distance of RAD51 and DMC1 nanofoci to the axial and lateral elements of the SC.\
A) Combined dSTORM and SIM image of a segment from a synapsed pachytene nucleus immunostained for RAD51 (green), DMC1 (red), and SYCP3 (white). B) The same area of the nucleus is shown, but here the immunosignals have been replaced by a line for SYCP3, and by dots indicating the centers of mass for RAD51 (green) and DMC1 (red). The red and green lines represent the measured distances. An example of regions where nanofoci distances were measured for D1R1, D1R2, and D2R1 foci are indicated (note that distances from another more complex ROI intersperse with the D1R2 distances). Size bars represent 500 nm. C) Box plots of minimal distances (nm) of all RAD51 and DMC1 nanofoci as well as the distances of the nanofoci of the separate D1R1, D2R1, and D1R2 classes to the axial or lateral elements in zygotene and pachytene nuclei, colour code explained in the figure. Asterisks indicate statistical significant differences, p-values are in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}, the boxed region depicts the data from the first quartile to the third quartile and the whiskers extend +/- 1.5x the interquartile range (IQR = Q3-Q1; minimum value = 0). Data points lying outside this region are depicted as individual points (outliers). All DMC1 n = 1606, all RAD51 n = 2141, D1R1 n = 421, D2R1 n = 265, D1R2 n = 124.](pgen.1008595.g006){#pgen.1008595.g006}

Consensus patterns of the spatial organization in D1R1, D2R1 and D1R2 foci {#sec008}
--------------------------------------------------------------------------

One factor that will contribute to the observed variation in the organization of the individual images is the representation of three-dimensional structures onto a two-dimensional image. To obtain more insight in the actual structure of the three main DxRy configurations, we used alignment by rotation to be able to detect possible consensus patterns in D1R1, D2R1, and D1R2 foci (Figs [7](#pgen.1008595.g007){ref-type="fig"} and [8](#pgen.1008595.g008){ref-type="fig"}). For the D1R1 group, the DMC1 nanofocus was used as an anchor point and the RAD51 nanofocus was used for the rotation. We rotated the structures so that the center of the RAD51 nanofocus was aligned along the vertical axis above the DMC1 nanofocus. Then we generated a single fused image of all aligned foci, pooled from the nuclei that were at a specific stage of meiotic prophase. We observed from these images that the RAD51 and DMC1 nanofocus partially overlap, but that the overlap decreases while meiosis progresses, while the measured distance between the two nanofoci increases from leptotene to zygotene (p\<0.001, two-sided t-test) ([Fig 7A and 7C](#pgen.1008595.g007){ref-type="fig"} and [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). In *Sycp1*^*-/-*^ D1R1 foci, the overlap appears also reduced at the zygotene-like stage, relative to the leptotene-like stage, but increased again at pachytene ([Fig 7B](#pgen.1008595.g007){ref-type="fig"}). Accordingly, the RAD51-DMC1 distance increases only transiently at the zygotene-like stage (p = 0.004, two-sided t-test, [Fig 7C](#pgen.1008595.g007){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). We observed no differences in distances between nanofoci within configurations on synapsed versus unsynapsed axes ([S5B Fig](#pgen.1008595.s005){ref-type="supplementary-material"}).

![Consensus patterns of D1R1 and D2R1 during meiotic prophase in wild type and Sycp1^-/-^ spermatocytes.\
Summed images of all rotated and aligned foci within the D1R1 and D2R1 group in wild type (A) and Sycp1^-/-^ (B) per stage. Images were rotated as indicated by schematic drawings to the left of each row, whereby the anchor (\*) indicates the nanofocus that is centred, and the goal (o) the nanofocus that is rotated to align along the axis. Underneath the lowest D2R1 row, the percentage of localisations for the RAD51 nanofocus in each indicated quadrant area is shown for each stage for the rotation whereby the close-DMC1 is used as anchor and the far-DMC1 as goal. A schematic interpretation of the results of the rotations is also shown. (C-F) Mean distances between the indicated nanofoci per stage in wild type and Sycp1^-/-^ spermatocytes. Error bars indicate SEM. Asterisks indicate significant difference compared to all other stages (p\<0.05). Scale bars represent 100 nm. p-values can be found in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}.](pgen.1008595.g007){#pgen.1008595.g007}

![Consensus patterns of D1R2 during meiotic prophase in wild type and Sycp1^-/-^ spermatocytes.\
Summed images of all rotated and aligned foci within the D1R2 group in wild type (A) and Sycp1^-/-^ (B) per stage. Images were rotated as indicated by schematic drawings to the left of each row, whereby the anchor (\*) indicates the nanofocus that is centred, and the goal (o) the nanofocus that is rotated to align along the axis. Underneath the lowest D1R2 row, the percentage of localizations for the DMC1 nanofocus in each indicated quadrant area is shown for each stage for the rotation whereby the close-RAD51 is used as anchor and the far-RAD51 as goal. A schematic interpretation of the results of the rotations is also shown. (C-E) Mean distances between the indicated nanofoci per stage in wild type and Sycp1^-/-^ spermatocytes. Error bars indicate SEM. Asterisks indicate significant difference compared to all other stages (p\<0.05). Scale bars represent 100 nm. p-values can be found in [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}.](pgen.1008595.g008){#pgen.1008595.g008}

For D2R1 we used the close DMC1 nanofocus as anchor, and first rotated the RAD51 nanofocus along the vertical axis. The resultant locations of the signals of the far-DMC1 nanofocus were then highly variable at leptotene, but formed a crescent moon-shaped structure around the other two nanofoci in zygotene and pachytene nuclei ([Fig 7A](#pgen.1008595.g007){ref-type="fig"}). As meiotic prophase progresses, the far-DMC1 nanofocus was more and more localised in a smaller region above the close-DMC1 nanofocus and the RAD51 nanofocus, showing that a relatively large fraction of the D2R1 foci has a DMC1-RAD51-DMC1 type of structure. We then aligned the two DMC1 nanofoci and assessed the RAD51 location relative to the two DMC1 nanofoci by quantifying the relative number of RAD51 localisations present in four quarters (above, below, left and right) of the image, relative to the close-DMC1 nanofocus. As expected, based on the results of the rotation with the far-DMC1 nanofocus, the highest percentage of the RAD51 signal was observed between the two DMC1 nanofoci, and more signal accumulated in the upper part of that quadrant as prophase progressed ([Fig 7A](#pgen.1008595.g007){ref-type="fig"}). In agreement with this observation, the center of mass of the RAD51 nanofocus extended away from the closest DMC1 anchor nanofocus as cells progressed from zygotene to pachytene (p = 0.0001, two-sided t-test [Fig 7D](#pgen.1008595.g007){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). The mean distance between the RAD51 and the far-DMC1 nanofocus in the D2R1 decreased as prophase progressed, but increased again in pachytene ([Fig 7E](#pgen.1008595.g007){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}), and the same trend was observed for the distance between the two DMC1 foci ([Fig 7F](#pgen.1008595.g007){ref-type="fig"}). Overall, the consensus patterns in *Sycp1*^*-/-*^ spermatocytes were similar, but the configurations were more variable, and few significant changes in nanofocus distances were observed ([Fig 7B--7F](#pgen.1008595.g007){ref-type="fig"}). For example, the directionality of RAD51 towards the far DMC1 nanofocus was clear at the zygotene-like stage, but lost at pachytene-like ([Fig 7B](#pgen.1008595.g007){ref-type="fig"}). Furthermore, in the analyses of the distances between the nanofoci of the D2R1 configurations, the distance between the close-DMC1 nanofocus and RAD51 initially appeared to increase when cells developed from leptotene to zygotene (not significant), but in pachytene-like *Sycp1*^*-/-*^ spermatocytes, the distance was similar to what was observed at leptotene. The distance of the far-DMC1 nanofocus to RAD51 or to the close-DMC1 nanofocus was large at all stages, in contrast to the reduction observed during zygotene in the wild type ([Fig 7B, 7E and 7F](#pgen.1008595.g007){ref-type="fig"}).

Finally, we performed the same rotation experiments for the D1R2 configuration. Interestingly, the overall organization of this configuration appeared very similar to the D2R1, including distances between nanofoci (Compare [Fig 7](#pgen.1008595.g007){ref-type="fig"} to [Fig 8](#pgen.1008595.g008){ref-type="fig"}). However, in contrast to the most clear DMC1-RAD51-DMC1 organization of the D2R1 occurring in pachytene, already in early zygotene the single DMC1 nanofocus of D1R2 was most clearly located between the two RAD51 nanofoci ([Fig 8A](#pgen.1008595.g008){ref-type="fig"}), and the DMC1 distance to the close RAD51 was already maximal at early zygotene ([Fig 8C](#pgen.1008595.g008){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). No significant change in the distance to the far RAD51 nanofocus, or between the RAD51 nanofoci was observed ([Fig 8C--8E](#pgen.1008595.g008){ref-type="fig"}). This corresponds well to the early versus late appearance of the D1R2 and D2R1 bridged structures, respectively ([Fig 3B](#pgen.1008595.g003){ref-type="fig"}). In *Sycp1*^*-/-*^ spermatocytes, DMC1 localized more clearly in between the two RAD51 nanofoci, and this was maintained in the pachytene-like nuclei. However, the signal accumulation in the summed rotated images extended less far in the direction of the far RAD51 nanofocus compared to the wild type ([Fig 8A and 8B](#pgen.1008595.g008){ref-type="fig"}). The increase in distance between the DMC1 and close RAD51 nanofocus was observed only transiently, in zygotene ([Fig 8C](#pgen.1008595.g008){ref-type="fig"}, [S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}).

Three-dimensional simulations of the D2R1 configuration {#sec009}
-------------------------------------------------------

Next, we simulated a 3D model of D2R1 configurations. In short, the model consists of three randomly generated structures reflecting the two DMC1 nanofoci and the single RAD51 nanofocus, and a random noise component. To find the best fitting model we varied the length (σ) of the RAD51 nanofocus, and the maximum angle (α) between the line connecting the two DMC1 nanofoci and the line connecting the RAD51 nanofocus to the close DMC1 nanofocus. The fixed length and variable angle reflect a possible homology searching structure as described in more detail in Materials and Methods ([Fig 9A](#pgen.1008595.g009){ref-type="fig"}). We analysed the simulated data (discarding the z information) in the same way as the experimental data. Interestingly, around 15% of the simulated D2R1 configurations in a three-dimensional space are represented as D1R1 in the two-dimensional representations, and also a small fraction of D3R1 and D2R2 configurations were observed for simulated D2R1s. This is most likely caused by situations whereby noise detections cluster and rise just above the background, resulting in detection of an additional nanofocus. We performed rotation and alignment on the simulated D2R1 configurations in the dataset, as described above for the observed real foci. Strikingly, it can be observed that the simulated data fits best to the experimental data set if the maximum angle gradually reduces from 132° to 105° and the length of RAD51 gradually increases from 80 to 144 nm going from leptotene to pachytene ([Fig 9C and 9D](#pgen.1008595.g009){ref-type="fig"}). Comparing the simulations to the *Sycp1*^-/-^ D2R1 rotations, it appears that the degree of rotation freedom for the close-DMC1-RAD51 nanofocus combination relative to the DMC1-DMC1 axis is larger than in wild type at the leptotene-like and pachytene-like stages, but actually more restricted in the zygotene-like nuclei, for which a maximal rotation angle of 105 degrees and a length of 144 nm fitted best.

![Simulations of D2R1 rotations.\
A) Model of D2R1 foci in three dimensions, where the alpha indicates the maximum angle relative to the DMC1-DMC1 axis, and the sigma the length of the major axis of the RAD51 nanofocus. B) Selection of simulated foci using one model randomly positioned in space and visualised in two dimensions (top), and corresponding binaries of kernel density estimation (bottom). C) Measured RAD51 length in summed 2D images (left), DMC1 intensity in the top half (middle), and RAD51 intensity in the top quadrant for all simulated foci (right), where each point represents an assembly from 200 aligned foci, and RAD51 was rotated above the center in the left and middle graph, and the far DMC1 was rotated in the right graph. Coloured points represent measured values from experimental data from both wild type (yellow) and *Sycp1*^*-/-*^ (blue) nuclei at the stages analysed. D) Summed images (top; RAD51 rotation, bottom; far DMC1 rotation) of simulations that fit best to experimental data, length (full width half maximum: 2.355σ), angle and error are indicated.](pgen.1008595.g009){#pgen.1008595.g009}

Discussion {#sec010}
==========

We simultaneously determined the localisation of the recombinases RAD51 and DMC1 at nanoscale resolution in more than 4000 DSB foci in 18 wild type and 10 *Sycp1*^-/-^ spermatocytes. We distinguished early, intermediate and late stages of meiotic prophase by co-staining of the synaptonemal complex. Together, this allowed us to reconstruct generalised RAD51 and DMC1 distribution patterns within repair foci as they progress through meiotic prophase.

RAD51 and DMC1 filaments are expected to form elongated structures, based on super-resolution images of RAD51 in somatic cells \[[@pgen.1008595.ref026],[@pgen.1008595.ref027]\]. The maximal length of the RAD51 and DMC1 nanofoci in all observed configurations reached an average of around 140 nm in pachytene, based on our simulations, but the maximal length of the most stretched RAD51 or DMC1 nanofoci was found to be around 250--300 nm. This is comparable to the previously observed elongated RAD51 structures in fixed somatic cells using dSTORM \[[@pgen.1008595.ref026]\]. Haas et al., \[[@pgen.1008595.ref027]\] observed an average maximal length of RAD51 nanofoci of around 160 nm, more similar to the average simulated length we observed. It should be noted that we performed our analyses on binary images, where clusters are generated from the kernel density plots of each ROI, with a threshold at a specific localisation density. In doing so, we reduced complexity and inevitably lost some information. However, this approach allowed systematic comparison of the results between images in the same meiotic stage as well as in different stages. Although there might be some internal structure visible in the foci images shown in [Fig 2F](#pgen.1008595.g002){ref-type="fig"}, it should be noted that the precision of each localisation event varies, and affects the gaussian distribution-based representation of the dSTORM data. In addition, the resolution is limited by the sizes of the primary and secondary antibodies, which is expected to add around 20--40 nm in X and Y direction in our 2D images \[[@pgen.1008595.ref028],[@pgen.1008595.ref029]\]. Moreover, variability in binding may influence the actual "shape" generated by the gaussian distribution generated from the localisation events coming from the fluorophores attached to the secondary antibodies. Therefore, we feel that the binary images provide an optimal representation of the actual areas covered by the recombinases and bound antibodies. An *in vitro* filament of RAD51 with a length of 100 nm covers approximately 200 bp of ssDNA \[[@pgen.1008595.ref030]\]. Given the current estimates of ssDNA track lengths in meiotic recombination (\~500--1000 bp \[[@pgen.1008595.ref031]\]), it seems reasonable that most of what we observe would represent actual binding of the recombinases to ssDNA, however our data also suggests that neither RAD51 or DMC1 cover the entire resected DNA in an fully extended filament. Furthermore, we certainly cannot exclude that some nanofoci represent (transient) associations with chromatin, or with dsDNA. Similarly, in yeast, dSTORM analyses of meiotic RAD51 and DMC1 foci revealed a focus length of around 115 nm for both proteins, which was proposed to cover around 100 nucleotides of single-stranded DNA, based on the known in vitro DNA binding data of the recombinases \[[@pgen.1008595.ref013]\].

A close association of a large RAD51 and DMC1 nanofocus as predominant configuration in DSB repair foci {#sec011}
-------------------------------------------------------------------------------------------------------

Since the D1R1 configuration was observed most frequently, and similar structures were also the major component in more complex nanofocus combinations, the D1R1-configuration represents the main form of RAD51 and DMC1 accumulation at DSB foci. The D1R1 configuration may represent asymmetric loading of each recombinase to one of the two ends of the DSB, or represent loading of both on only one end of a DSB. We hardly observed configurations that could be considered to be paired D1R1 nanofoci configurations, contrary to what might be expected based on observations in yeast \[[@pgen.1008595.ref013]\], and from the symmetric loading of DMC1 observed in ChIP-seq data of mouse meiotic hotspots \[[@pgen.1008595.ref032]\]. Also, in the nematode *C*. *elegans*, where chromosome pairing precedes meiotic DSB formation, the majority of RAD51 foci could be resolved as paired structures using structured illumination microscopy \[[@pgen.1008595.ref033]\]. However, it might be suggested that if D1R1 configurations represent a single end of the DSB, the distance to a paired other DSB (D1R1) end would be on average 800 nm (based on the nearest neighbour analysis), but still highly variable, precluding visible paired occurrences of D1R1 structures. This could then be considered analogous to the paired co-foci observed in yeast and *C*. *elegans* \[[@pgen.1008595.ref013],[@pgen.1008595.ref033]\]. Alternatively, the other DSB end could also be occupied by other ssDNA binding proteins, while a combination of these two situations may also occur.

D2R1 and D1R2 represent DSB intermediates with asymmetric loading of RAD51 and DMC1 {#sec012}
-----------------------------------------------------------------------------------

The similarity of the DMC1 and RAD51 nanofoci that are closest to each other in D2R1 and D1R2 to the D1R1 configurations in terms of size and proximity, and the decreasing frequency of the latter, together suggest that the D1R1 may evolve into a D2R1 or D1R2 configuration. The additional nanofocus at longer distance from the main DMC1-RAD51 entity could then result from new loading of DMC1 or RAD51, or from splitting of the respective nanofocus into two independent nanofoci that stabilizes at a distance of 200--250 nm.

The maximum area of the far RAD51/DMC1 nanofocus is more than 10-fold smaller than the areas occupied by the adjacent close DMC1 and RAD51 nanofoci. So, either the far nanofoci may be somehow compacted, or represent binding of recombinase to a shorter stretch of (ss)DNA or chromatin. It is interesting to note that in the protist Tetrahymena, it has been suggested that RAD51 filaments are extremely small, forming no visible foci, whereas DMC1 foci are observed and both proteins are required for functional processing of the meiotic DSBs \[[@pgen.1008595.ref034]\]. Although this appears to be an example of extremely asymmetric behaviour of RAD51 and DMC1, our current observations suggest that such small filaments of either RAD51 or DMC1 may also form in other eukaryotes.

Similar to the D1R1, the large close DMC1 and RAD51 nanofoci in D2R1 and D1R2 may represent binding to the same DNA (single-stranded or double stranded) molecule, or to the different ends of the DSB. The fact that the distances of the two close nanofoci, to the far nanofocus in D1R2 and D2R1 foci are very similar in these two configurations supports the idea that there is some form of physical coupling between the D1R1 moiety and the additional RAD51 (D1R2) or DMC1 (D2R1) nanofocus, and also that the D2R1 and D1R2 configuration represent similar chromatin/DNA conformations/repair intermediates. The "bridged" structures that were observed for both D1R2 and D2R1 also support this notion. The D2R1 bridge was observed mainly in pachytene. This structure, as well as its timing are recapitulated by the lengthening of the RAD51 nanofocus, and increased frequency of DMC1-RAD51-DMC1 alignment as prophase progresses in the rotation analyses. D1R2 bridges were found as more early structures, that preferentially locate on unsynapsed chromatin.

Interestingly, in our analyses of the distance of RAD51 and DMC1 nanofoci to the axial/lateral elements of the SC, we observed that DMC1 nanofoci were further away from the axes than the RAD51 nanofoci. In combination with the recent ChIP-seq data, that indicate that DMC1 would be loaded more towards the 3'end of the single-stranded DNA compared to RAD51 \[[@pgen.1008595.ref032]\], and previous suggestions along these lines based on differences in biochemical properties of the two proteins \[[@pgen.1008595.ref035]\], it might be suggested that our observations would be consistent with the hypothesis that DMC1 filaments would be held further away from the axes because of their presence at the ends of the filaments and their homology probing function. However, this hypothesis needs to be tested in more detail in future experiments that involve three-colour STORM analyses and include other components such as DNA, and/or functional tests.

The number and organization of the RAD51 and DMC1 nanofocus combinations are affected in *Sycp1*^*-/-*^ spermatocytes {#sec013}
---------------------------------------------------------------------------------------------------------------------

Our high-resolution analyses revealed an increased number as well as relative frequency of D1R1 configurations in the pachytene-like *Sycp1*^*-/-*^ nuclei compared to zygotene-like nuclei. Recent data indicate that when synapsis is not achieved, feedback mechanisms may act locally to maintain SPO11 activity in unsynapsed regions \[[@pgen.1008595.ref036]--[@pgen.1008595.ref038]\], which is in agreement with the increased frequency of early recombinase configurations in late-stage *Sycp1*^*-/-*^ spermatocytes. We also observed an increased frequency of D2R1 configurations in leptotene-like nuclei, in comparison to the wild type, which can be attributed to the fact that when a true synapsed structure cannot be formed, initial alignment and pairing will be less stable, and cells that should be in zygotene will still appear as leptotene in the *Sycp1*^*-/-*^ nuclei. The results of the rotation analyses and distance measurements throughout prophase in the knockout indicate that the D2R1 configuration initially appears to form and proceed as normal, but then a destabilization occurs, leading to frequencies of the D2R1 and D1R2 foci at pachytene-like stage that are more similar to those observed in wild type leptotene cells. This also fits well with a clear increase in D1R2 bridges observed in *Sycp1*^*-/-*^ nuclei. It is tempting to speculate that in the absence of SYCP1, the lack of SC formation favours D1R2 structures, and that this is somehow coupled to reduced D2R1 formation/stability. In addition, the data support the previously reported longer persistence of DSB induction.

Concluding remarks {#sec014}
==================

Our super-resolution dual colour dSTORM approach allowed direct comparison of the localization of RAD51 and DMC1 relative to each other. We provide the first evidence for the presence of a major structure consisting of a single relatively large nanofocus of both RAD51 and DMC1 in close proximity to each other in the majority of mouse meiotic DSB repair foci. Additional, smaller nanofoci of either recombinase are often present, and the fact that the total number of nonoverlapping nanofoci exceeds two in \~20% of the foci indicates that either multiple non-overlapping nanofoci occupy different segments of ssDNA, as suggested by Bishop et al., \[[@pgen.1008595.ref013]\], or some nanofoci represent binding to dsDNA, or chromatin, or background, since maximally two DSB ends are expected to be available for binding within a single ROI. We favour the hypothesis that the D1R1 configuration mostly represents formation of two adjacent filaments of RAD51 and DMC1 on the same molecule. This then suggests that one DSB end is often not bound by the recombinases, or epitopes are hidden due to differential conformations of the two ends, or the two ends are paired but far apart (average 800 nm), with a wide variety in distances, precluding visible formation of paired co-foci.

This single-cell, and single repair focus approach revealed that there is enormous variety in the types of structures formed, in a more or less stochastic manner. We suggest that regulatory mechanisms act to stabilize or destabilize certain structures to eventually allow progression of repair using either the sister chromatid or homologous chromosome at each site, depending on local constraints. Configurations that we observe at low frequencies may still be functionally relevant, and further studies will be required to explain the observed structures in terms of actual repair intermediates. These may involve three-dimensional super-resolution imaging of repair proteins in combination with visualization of DNA. In addition, the experimental combination of meiosis-defective knockout mouse models with super-resolution microscopy provides a promising new approach to study the dynamics of mouse meiotic recombination and meiotic defects at the molecular level.

Materials and methods {#sec015}
=====================

Ethics statement {#sec016}
----------------

All procedures involving animals were in accordance with the European guidelines for the care and use of laboratory animals (Council Directive 86/6009/EEC).

All animal experiments were approved by the local animal experiments committee DEC Consult (protocol numbers: EMC2716, EMC3267, and EMC3201), and animals were maintained under supervision of the Animal Welfare Officer.

Animals {#sec017}
-------

Two wild type (5--10 weeks old) and two *Sycp1* knockout (12 weeks old) mice (previously described \[[@pgen.1008595.ref015]\]) were killed using CO2/O2. Mice were socially housed in IVC-cages with food and water ad libitum, in 12-h light and dark cycles.

Meiotic spread preparation and immunofluorescence {#sec018}
-------------------------------------------------

Spread nuclei for immunocytochemistry and confocal analyses were prepared as described \[[@pgen.1008595.ref039]\]. For dSTORM and 3D-SIM analyses the same method was used, but cells were spread on 1.5 thickness high-precision coverslips (170±5 μm), previously coated with 1% poly L-lysine (Sigma). Slides were immunostained with the antibodies described below in 2 experiments to collect images for the nearest neighbour analyses. Coverslips were stained with antibodies mentioned below in six separate staining experiments for dSTORM and 3D-SIM analyses as follows:

-   Four experiments to collect the images of the 18 nuclei presented in [S2 Fig](#pgen.1008595.s002){ref-type="supplementary-material"}.

-   Two experiments to collect the images of 10 *Sycp1* knockout nuclei presented in [S3 Fig](#pgen.1008595.s003){ref-type="supplementary-material"}.

Before incubation with antibodies, slides or coverslips were washed in PBS (3x10 min), and non-specific sites were blocked with 0.5% w/v BSA and 0.5% w/v milk powder in PBS. Primary antibodies were diluted in 10% w/v BSA in PBS, and incubations were overnight at room temperature in a humid chamber. Subsequently, slides or coverslips were washed (3x10 min) in PBS, blocked in 10% v/v normal swine serum (Sigma) in blocking buffer (supernatant of 5% w/v milk powder in PBS centrifuged at 14,000 rpm for 10 min), and incubated with secondary antibodies in 10% normal swine serum in blocking buffer overnight at room temperature. Finally, slides or coverslips were washed (3x10 min) in PBS (in the dark) and embedded in Vectashield containing DAPI (slides) or immediately used for imaging 3D-SIM and dSTORM.

Antibodies {#sec019}
----------

For primary antibodies, we used goat antibody anti-SYCP3 (R&D Systems), mouse monoclonal antibody anti-DMC1 (Abcam ab11054), and a previously generated rabbit polyclonal anti-RAD51 \[[@pgen.1008595.ref040]\]. For secondary antibodies, we used a donkey anti-rabbit IgG Alexa 488/647, donkey anti-mouse IgG Alexa 488/647, and donkey anti-goat Alexa 555 (Molecular Probes).

Confocal imaging {#sec020}
----------------

Immunostained spreads were imaged using a Zeiss Confocal Laser Scanning Microscope 700. This microscope is equipped with four lasers with wavelengths of 405 nm, 488 nm, 555 nm and 639 nm. All images were made using a 63x objective immersed in oil with a numerical aperture of 1.40 and a pinhole set at 39 μm. The digital offset was set to -2, and the laser power at 2%. The gain was adjusted for each image and channel. The images are all 1024x1024 in size, averaged 4 times.

Nearest neighbour analysis {#sec021}
--------------------------

The confocal images were analysed to determine the distribution of RAD51 and DMC1 along the synaptonemal complexes by measuring the nearest neighbour distances. Single nuclei were manually segmented, next DMC1 and RAD51 foci were detected with the ImageJ function "Find Maxima", and a noise tolerance value of 90 (DMC1) and 100 (RAD51). Each detected "maximum" represents a single pixel with associated (x,y) coordinates, and thus each focus is thereby represented by a single x and y value in the image. We then created a mask to outline the SYCP3 signals using manual thresholding (random sampling of 40 generated masks covering a single SC revealed an average width of 477nm±24 (s.d.)), and these masks were then projected onto the image of all the maxima to remove all foci outside the selected area. These masks were also used for the projection of the pixels in the random simulations (see below). The coordinates of maxima for the remaining foci were used to calculate the distances between all foci. With these distances the nearest neighbour of each focus was determined, and the distance values were exported to Excel for further analysis. The nearest neighbour distance distributions of the observed DMC1 and RAD51 foci were compared to random distributions of foci on the SC axes, using the Kolmogorov-Smirnov (KS) test. All KS test values were generated using the R function ks.test.

Random simulation {#sec022}
-----------------

Simulated images were created by generating random single pixel foci (maxima) until the same number of foci were generated within the nuclear area or within the boundaries of the SYCP3 signal as the number of foci that had been counted in the nucleus, or within the mask, respectively. To achieve this, foci were generated randomly in the image, and those localising outside the nuclear or masked boundary were discarded, and remaining positions were marked. This was continued until the number of marked positions corresponded to the required number of foci. This created an image with single pixel foci. To correct for the diffraction limited signal of a confocal microscope, the random image was blurred with a Gaussian filter with a sigma value of 0.11 μm. This sigma value is approximately the standard deviation of the confocal microscope (FWHM = $2\sqrt{2{\ln 2}}\mspace{2mu}\sigma \approx 2.355\mspace{2mu}\sigma$ (Weisstein, 2002)). Simulated shot noise was added by adding a value of 5 to the entire image, and subsequently adding a random value between +/- the square root of the intensity of each individual pixel. This image was then processed in the same way as the confocal images. 50 random simulations were performed for each nucleus.

3D-SIM and dSTORM imaging {#sec023}
-------------------------

Coverslips immunostained as described above were mounted in an Attofluor Cell Chamber (Life Technologies). For drift correction and channel alignment 100 nm Gold nanoparticles (Sigma) were added to the sample. To perform dSTORM imaging, an imaging buffer was prepared containing 40mM MEA (Sigma), 0.5mg/ml Glucose Oxidase (Sigma), 40 μg/ml Catalase (Sigma) and 10% w/v Glucose in PBS pH 7.4. Samples were incubated in the imaging buffer during the entire imaging session.

Imaging was performed using a Zeiss Elyra PS1 system. Both 3D-SIM and dSTORM data were acquired using a 100x 1.49NA objective. 488, 561, 642 100mW diode lasers were used to excite the fluorophores together with respectively a BP 495--575 + LP 750, BP 570--650 + LP 750 or LP 655 excitation filter. For 3D-SIM imaging a grating was present in the light path. The grating was modulated in 5 phases and 5 rotations, and multiple z-slices were recorded on an Andor iXon DU 885, 1002x1004 pixel EMCCD camera. dSTORM imaging was done using near-TIRF settings while the images were recorded on Andor iXon DU 897, 512x512 pixel EMCCD camera. At least 10 000 images were acquired at an interval of 33ms for Alexa 647. For Alexa 488 an interval of 50ms was used to compensate for the lower photon yield of the Alexa 488 dye. We used Alexa 488 and Alexa 647 dyes coupled to secondary antibodies to detect respectively RAD51 and DMC1 or vice versa. Using either fluorophore combination, we consistently detected \~1.5 times more localisation events for RAD51 than DMC1. As expected, we observed more localisations for Alexa 647 compared to Alexa 488, due to the more suitable photochemical properties for dSTORM of the former \[[@pgen.1008595.ref041]\]. We chose the more efficient Alexa 647 dye to detect DMC1, that is either less abundant or less well recognized by the primary antibody compared to RAD51, and the Alexa 488 dye to detect RAD51.

3D-SIM and dSTORM image analysis {#sec024}
--------------------------------

3D- SIM images were analysed using the algorithm in the ZEN2011 (Carl Zeiss, Jena) software. For dSTORM, individual fluorescent events were localised in the subsequent frames using a 2D Gauss fitting algorithm in the ZEN2011 (Carl Zeiss, Jena) software. Detections in subsequent frames originating from the same fluorophore were grouped. Drift was corrected using 100nm gold nanoparticles (Sigma). The same fiducials were used to align the two colour dSTORM images using an affine alignment. Dual colour dSTORM and triple colour SIM images were aligned, based on the dSTORM and 3D-SIM Alexa 647 images, using a channel alignment algorithm in the ZEN2011 software. All observed foci were manually selected based on the SIM images, and circular regions (radius of 300 nm) around the foci were selected using ImageJ within the Fiji platform \[[@pgen.1008595.ref042]\]. For each stage and each genotype, 2--5 nuclei were analysed. Each nucleus can be viewed as a biological replicate when differences between stages are considered, whereas each focus can be considered a biological replicate when the overall properties of the foci are analysed. The single molecule localisations of the individual foci were subsequently imported into R using the RStudio GUI for further analysis \[Pau, Oles, Smith, Sklyar and Huber, EBImage: Image processing toolbox for R. v. 2.13 (2013) <https://bioconductor.org/packages/release/bioc/html/EBImage.html>; R Development Core Team, R: A language and environment for statistical computing. R Foundation for Statistical Computing, R Foundation for Statistical Computing, Vienna, Austria, ISBN 3-900051-07-0, <http://www.R-project.org>\].

Selected foci that were spatially overlapping were excluded if the percentage of overlapping localisations was larger than 25% \[[@pgen.1008595.ref021]\]. Also foci containing less than 50 localisations were excluded from further analysis.

Foci analysis {#sec025}
-------------

Single molecule localisation data was used to fit a 2D Kernel Density Estimation (KDE) function \[Wand, 2013, KernSmooth: Functions for kernel smoothing for Wand & Jones 2.23--10, <http://CRAN.R-project.org/package=KernSmooth>\]. The KDE function estimates the density of localisations at a certain position in the image. The bandwidth of the density estimation was set to the approximate average localisation precision of our data: 20 nm. The 2D KDE gives a normalized density over the image. Because we are interested to determine the absolute density of localisations, the normalized density is multiplied by the number of localisations in the ROI. After fitting a 2D KDE to the data we are able to define objects by applying a threshold. The threshold was set at 5 localisation/pixel, equal to 0.2 localisations/nm^2^. Very small nanofoci with an area covering less than 50 pixels were considered background. The resulting binary images were used to determine shape features (center of mass i.e.) \[Pau, Oles, Smith, Sklyar and Huber, EBImage: Image processing toolbox for R. v. 2.13 (2013) <http://bioconductor.org/packages/release/bioc/html/EBImage.html>\]. Manual classification as described in [Fig 3](#pgen.1008595.g003){ref-type="fig"} was done on all foci with at least one DMC1 and one RAD51 focus, subsequently foci were sorted in different categories ([S1 Table](#pgen.1008595.s006){ref-type="supplementary-material"}).

Differences between foci configurations at different cell stages (Figs [3](#pgen.1008595.g003){ref-type="fig"} and [4](#pgen.1008595.g004){ref-type="fig"}) were tested using two sample Student t-test. To test differences in the prevalence of all, versus D1R1, D2R1, and D1R2 configurations on synapsed versus unsynapsed axis ([Fig 4E](#pgen.1008595.g004){ref-type="fig"}) a paired t-test was used. A paired test was used since the overall fraction of foci on synapsed axis will depend on the meiotic progression of the individual cells ([S2 Table](#pgen.1008595.s007){ref-type="supplementary-material"}). Pairwise comparison between the mean values of image features from individual nuclei and separate meiotic stages was performed using an independent two sample Student t-test. A p-value below 0.05 was considered a significant difference between the two samples. The minimal distance from the axial/lateral elements was determined for each nano-focus in wild type zygotene and pachytene nuclei. A line was manually drawn through the middle of the SYCP3 signal in the SIM images and the shortest distance between the axis and the nano-focus was determined. Nanofoci with a distance \>1μm were considered not near an axis. Standard box-plots were generated in R. Pairwise comparison between the mean values of DMC1, RAD51 and the specific far nanofoci was performed using a Mann Withney U test. A p-value below 0.05 was considered a significant difference. For alignment by rotation the center of mass was used to center images on the close DMC1 nanofocus for alignment by rotation. The subsequent localisations were all rotated so that either the far DMC1 or RAD51 center aligned above the (close DMC1) center. All localisations from indicated stages were pooled and rendered as an image using SMoLR \[[@pgen.1008595.ref021]\].

Simulation {#sec026}
----------

We generated a 3D model of a D2R1 focus consisting of three distinct Gaussian distributions of 3D coordinates. The two DMC1 nanofoci are represented as globular distributions where the standard deviation (σ) of the Gaussian distribution is equal in x,y and z. RAD51 is represented as an ellipsoid distribution in which the σ of the Gaussian distribution is larger in one dimension. We used the mean number of localisations measured per nanofocus: 267, 564 and 51 coordinates for RAD51, close DMC1 and far DMC1 respectively. We included 50 randomly distributed background coordinates in the model. The model was organized in such a way that the 'close' DMC1 nanofocus and the RAD51 nanofocus are physically connected. The far DMC1 nanofocus was placed randomly at distance of 400 nm from the close DMC1 and the RAD51 nanofocus localises at a random angle relative to the DMC1-DMC1 axis in a three-dimensional space. We then varied the length of the main axis of the RAD51 nanofocus (σ) and the maximal angle (α) at which the 'close' DMC1-RAD51 nanofocus combination could be positioned relative to the DMC1-DMC1 axis, and generated datasets of 200 configurations for every combination of σ and α. We fitted the experimental data to the simulations using 3 parameters: the σ of a Gaussian fitted over the RAD51 signal (σ-RAD51), the percentage of DMC1 signal in the top half of the center (α-DMC1) in the rotation where RAD51 is aligned to the top, and the percentage of RAD51 in the top quadrant (α-RAD51) in the rotations where the far DMC1 is aligned to the top. These 3 parameters where measured in both the simulated data and the experimental data ([Fig 7B](#pgen.1008595.g007){ref-type="fig"}). Using a least mean squares method the simulation which fits the experimental data best was determined.

Supporting information {#sec027}
======================

###### 

Foci numbers in confocal images used for nearest neighbour distance measurement and statistical analyses (A) Foci numbers were determined automatically using FIJI as described in materials and methods. Numbers counted in each individual nucleus are shown. Horizontal bar depicts the average and error bars indicate standard deviation. B), C) Relative frequency distribution of nearest neighbour distances between DMC1 and RAD51 (left) DMC1 and DMC1 (middle) and RAD51 and RAD51 (right) in leptotene (B, n = 7 nuclei; 1003 DMC1 foci, 1157 RAD51 foci) and zygotene (C, n = 6 nuclei; 645 DMC1 foci, 590 RAD51 foci) wild type nuclei (all foci were analysed). Distances were binned in 100 nm bins, distances larger than 3.4 μm were labelled as rest. Grey bars, experimental data; red bars, simulated data (see [Materials and Methods](#sec015){ref-type="sec"}). p-values of Kolmogorov-Smirnov tests are indicated in the graphs.

(TIF)

###### 

Click here for additional data file.

###### 

Analysed wild type nuclei (A) 3D-SIM images of the wild type nuclei analysed per stage. Nuclei were immunostained for RAD51 (green), DMC1 (red), and SYCP3 (white). In cases where two nuclei were imaged in the same field of view they are separated by a dashed line. Scale bars represent 5 μm. Asterisk indicates late zygotene nucleus of which foci are shown in [Fig 2F](#pgen.1008595.g002){ref-type="fig"} (B) Bar graph showing the average number of foci from wild type spermatocyte nuclei that were analysed in dSTORM per stage (leptotene, early/late zygotene, pachytene). The number of analysed nuclei per stage is indicated to the left of each bar. Error bars indicate SEM, asterisk indicate significant difference to all other stages (p\<0.05). (C) p-values for foci number comparisons between stages (yellow background; p\<0.05, green background p\<0.005).

(TIF)

###### 

Click here for additional data file.

###### 

Analysed *Sycp1*^*-/-*^ nuclei (A) 3D-SIM image of microspread pachytene-like meiotic nucleus from *Sycp1*^-/-^ mouse immunostained with primary antibodies for RAD51, DMC1, and SYCP3, and appropriate secondary antibodies labelled with Alexa 488 (green), Alexa 647 (red), and Alexa 555 (white), respectively. The boxed region is shown to the right and the arrowheads mark regions shown below. (B) Bar graph showing the average number of foci from wild type spermatocyte nuclei that were analysed in dSTORM per stage (leptotene-like, zygotene-like, pachytene-like). The number of analysed nuclei per stage is indicated underneath each bar. Error bars indicate SEM values. (C) p-values for foci number comparisons between stages (yellow background; p\<0.05). (D) 3D-SIM images of the *Sycp1*^*-/-*^ nuclei analysed per stage. Nuclei were immunostained for RAD51 (green), DMC1 (red), and SYCP3 (white). (E) A compilation of all ROIs of the left zygotene-like nucleus shown in D (indicated with \*), ROIs are sorted by their DxRy configuration, from most frequent to rare configuration. The images are reconstructed with plotted Gaussian distributions proportional to the precision of the individual localisations.

(TIF)

###### 

Click here for additional data file.

###### Morphological classification of all wild type D2R2 foci. All D2R2 foci are shown, classified as described in the main text.

(TIF)

###### 

Click here for additional data file.

###### Distribution of different DxRy configurations along the chromosomes of wild type spermatocytes, and analyses of distances between DMC1 and RAD51 nanofoci on synapsed and unsynapsed axes.

\(A\) The ROIs defined for a wild type leptotene, early zygotene, late zygotene and pachytene nucleus immunostained for RAD51, DMC1 and SYCP3 are superimposed on the SYCP3 SIM image (white). Red ROIs correspond to D1R1, green ROIs correspond to D2R1, blue ROIs to D1R2, yellow ROIs to D2R2 and magenta ROIs to the rest group of configurations. Scale bars indicate 5 μm. (B) Mean distances between the DMC1 and RAD51 nanofoci in D1R1 and D2R1 configurations per stage in wild type spermatocytes, distributed over synapsed or unsynapsed axes. Error bars indicate SEM.

(TIF)

###### 

Click here for additional data file.

###### This Excel file contains the data for each focus that was analysed in wild type and *Sycp1*^*-/-*^ nuclei, as explained in Materials and Methods.

(XLSX)

###### 

Click here for additional data file.

###### This Excel file contains data used for statistical analyses relating to [Fig 1](#pgen.1008595.g001){ref-type="fig"}, [S1 Fig](#pgen.1008595.s001){ref-type="supplementary-material"}, [Fig 2](#pgen.1008595.g002){ref-type="fig"}, [Fig 4](#pgen.1008595.g004){ref-type="fig"}, [Fig 5](#pgen.1008595.g005){ref-type="fig"}, [Fig 6](#pgen.1008595.g006){ref-type="fig"}, [Fig 7](#pgen.1008595.g007){ref-type="fig"} and [Fig 8](#pgen.1008595.g008){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.
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Comments from the Guest Associate Editor:

This is an interesting paper describing the structures formed by two recA family members, RAD51 and DMC1, during meiotic prophase in mouse spermatocytes. Unlike observations in yeast and worms, the results seem to indicate that only a single major staining focus of RAD51, and a single focus of DMC1, forms at each site of recombination rather than a pair of RAD51-DMC1 co-foci. This suggests that rather than one complex forming on each end of a DSB, there is either asymmetric loading or some other process that accounts for the observed difference. In addition to a single large staining focus for RAD51 and for DMC1, there are sometimes additional small foci of either DMC1 or RAD51 associated with the large foci. The paper also examined a mutant defective in forming the central region of the SC and identifies some minor effects of this mutant on the classes of DMC1-RAD51 structures observed. The work is meticulously done and the data is thoughtfully interpreted. Although the new insight from the work is somewhat limited, the observations will no doubt be of interest to readers of *PLoS Genetics* who study meiosis and recombination.  I am therefore in favor of accepting the manuscript for publication provided a number of concerns about the manuscript are addressed. These are listed below.

The use of the term "cluster" in place of foci in many, but not all, parts of the paper is confusing. Although I appreciate that the terms focus (singular) and foci (plural) are most frequently used to describe structures that are below the resolution limit of the microscopy method, that is not strictly the case. Given that the field is familiar with the terms 'focus" and "foci", I think it best to use those terms throughout the paper. The term "cluster" is most frequently used to describe a grouping of discrete objects and using it to describe a single contiguous region of staining, albeit composed of a cluster of epitopes, will likely be as confusing to other readers as it was to me (at first). This is particularly true because much of the paper describes clusters of foci (clusters of clusters). One can describe a given focus as being small, big, elongated etc. I would entertain a proposal to use some other term that does not have the problem that the term "cluster" has, but I think using the term "focus" is most straightforward given that it is so prominent in the literature. (Note that many papers incorrectly use the term "foci" as both singular and plural. Again, the singular is "focus.")

I was disappointed and somewhat confused by the use of a mask to eliminate foci that are not colocalized to the axial/lateral elements. This seems to me to have been a poor choice given that there are models for the homology search that invoke a searching arm that is released from the axes. One model invokes a "tentacle" long enough to search the entire volume of the nucleus and our lab's preferred model suggests a shorter tether to the axis of up to 400 nm in yeast. I imagine that examination of SIM images did not provide evidence of the focus pairs seen in other organisms with one member of each pair off the axis. If no real care was taken to discount this possibility, that is a problem. If repeating the nearest-neighbor analysis without the mask does not reveal more pairing of foci than was the case with the mask, then the mask is not a problem. HOWEVER, this analysis of the available images needs to be done and the results reported to assure the reader that important data was not lost by the method (perhaps in a supplemental figure).  I also think the paper needs a better rationale as to why the mask was used, given that not all foci fall on the SC and there is no obvious reason to think that foci that do not colocalize with the SC are irrelevant to meiotic recombination.

Although the scope of the paper is ok as is, the paper would be of MUCH more impact and interest if it included analysis of the average minimum distance of RAD51 and DMC1 foci to the midline of Scyp3 axes. I appreciate the near impossibility of 3-color STORM, but is it not possible to use SIM images to ask if RAD51 is closer or farther from the axis than DMC1? This question is of particular interest given the work from the Donnelly group showing that DMC1 loads 3' or RAD51 at recombination hotspots. Is DMC1, which is likely to be the active recombinase based on results from yeast and plants, held away from the axis in a manner that may facilitate pairing? It seems to me that this is an important question that you [might]{.ul} have the data in hand to address.

Line 112. Capitalize the abbreviation for Saccharomyces.

Line 163. Why was a diameter of 600 nm chosen to define a ROI?

Line 166 and in many other places in the manuscript. Claim is made that: "Foci with multiple RAD51 or DMC1 clusters were also present, and were somewhat more frequent for DMC1 compared to RAD51." In such instances, if would be helpful if the authors indicated the fold difference between the two frequencies and give the P value for significance of the difference. I also ask "was a similar difference seen in a least two independent repeats... in two independent experiments?  One has to be particularly concerned about this given that some of the "satellite" foci are likely to be near the detection limit, such that staining efficiency could impact the results. There are a number of similar instance of claims of small differences in the paper, as mentioned below. Are have all of these observations been repeated?

Line 187 see comment re 166.

Line 193 see comment re 166.

Line 193. "Domain" is a potentially confusing synonym. "Focus" would be more clear.

Line 205. Are the structures referred to as bridges always elongated or is the definition simply based on the relative position of the RAD51 focus in between two DMC1 foci (or vice versa)?

Line 211. It is not clear to me what distinction is being made from paired verses unpaired D2R2 foci. Aren't D2R2 foci paired by definition?

Line 246. It is confusing that this paragraph switches from description of "minimum distance" to average distance and also that 70 nm is the typical distance of each focus center to the center of mass AND the typical distance between centers of RAD51 and DMC1 foci. This could be more clearly explained.  

Line 262 It is stated that "the measured larger distance between the two DMC1 or RAD51 clusters in the D2R1 and D1R2 configurations can be interpreted as more spatial separation." Is there any way two things that are farther apart would [not]{.ul} be interpreted to have more special separation? Am I missing something?

Line 265. See comment re 166.

Line 284, 288. See comment re line 166.

Line 340 How can a simulated structure be spurious? Does this mean that the R focus is arranged in such a way that it divides a single D focus in two? -ie not "detecting an additional cluster" but rather the overlap of a single focus by a narrower 51 focus makes it look like 51 is separating two distinct DMC1 foci?

Line 343. I have not seen the phrase "degree of freedom for the angle" used before, which could reflect my ignorance!  Is this alternative statement accurate? "the angle of rotation that provided the best fit to the experimental data set was..." If not, a better explanation of the manipulation used to give the best fit is needed for those, like me, with a limited math background.

Line 374. Here I think it is worth comparing the results described here to those we described for the equivalent experiment in budding yeast, where foci in yeast are a bit shorter. It is also worth mentioning that we too concluded that recombination filaments are likely shorter than ssDNA tracts.

Line 534. The term maxima may confuse people not familiar with quantitative microscopy. If there is always one maxima per focus you could just say something like  "the number of foci detected in a given image determined the number of simulated foci randomly projected in 3 dimensions to create a simulated image." I also note that this section has a lot of technical language, but lacks specific explanation for why certain procedures were necessary---i.e. what they contributed to the validity/utility of the simulated images. I take it that the manipulations were intended to mimic characteristics of the imaging system, but I think it would be helpful to state that directly.

Line 566. It is a relatively straightforward experiment to distinguish between the two possibilities listed, i.e a quantitative western blot of titrated amount of protein.  One simply needs a little pure RAD51 and pure DMC1. Many labs share these reagents, including ours. This would allow the authors to estimate the relative amounts of each protein in the structures they detect. I will [not]{.ul} require that this be done for publication, but it easily [could]{.ul} be done and such information would add substantially to the paper.

I agree with the comments of the other reviewer regarding data presentation and will not repeat those comments here.

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: In this work, the authors use a combination of confocal microscopy, SIM and STORM to investigate how the recombinases DMC1 and RAD51 are organized relative to each other at recombination sites in mouse spermatocytes, with the aim of providing insight into the process of meiotic recombination. A great deal of effort has been applied to analyze the data sets using several different approaches. In addition, they also use modeling as a means to cross-validate their approach for generating consensus patterns of recombination-site DMC1/RAD51 co-clusters.

One major finding of this work is that in contrast to observations of DMC1/RAD51 co-foci in yeast meiosis and RAD51 foci in C. elegans meiosis, which tend to occur in pairs that represent both ends of a DSB, DMC1/RAD51 co-foci in mouse spermatocytes usually do NOT occur as pairs. This implies that the two ends at a given DSB site are either treated very differently in regard to timing, processing and/or protein associations, or they are typically separated by distances \>500 nm. Other observations suggest that recombinase-bound intermediates may become elongated during meiotic progression, and that meiotic progression also involves progression from early intermediates that typically have a single large cohort of DMC1 adjacent to a single large cohort of RAD51 to later intermediates with one or more additional small cohorts of recombinase proteins.

It is clear that the authors have carried out a careful and thorough analysis of this valuable data set. While the amount of new insight generated regarding meiotic recombination mechanisms is relatively modest, their findings are directly relevant to the process of chromosome inheritance during meiosis, a topic that is highly appropriate for PLoS Genetics. And to their credit, the authors have not tried to oversell, which is quite refreshing in the current era. Thus, I support publication in PLoS Genetics of a revised manuscript that addresses the issues below. All of these can be addressed by revision of text, modification of figures, or reanalysis of existing data, so no new experiments would be required.

General points:

Improved resolution of figure panels:

The resolution of many figure panels in the pdf provided was of poor quality. This was true both for images and for graphs.

Frequency vs number: The term "frequency" appears to be used in multiple different ways in different parts of the manuscript, leading to some confusion, especially in cases where the numbers of foci present change between stages. Examples where this is a problem will be discussed below, but care should be taken throughout the manuscript to be precise in use of language to avoid such confusion.

Basis for staging of nuclei for Sycp1 mutant: Whereas staging of nuclei from the WT is straightforward based on the state of synapsis, this becomes challenging in a mutant in which synapsis does not occur. In order to make strong statements regarding progression and timing in the context of the Sycp1 mutant, confidence in staging is crucial. Please indicate how stages were assigned for the mutant, and the degree of confidence in these assignments.

Specific points:

Abstracts/intro:

L 51 clarify wording: repair sites often contain adjacent or overlapping single large clusters of the two proteins...

L54 synapsis (instead of pairing)

L79 suggesting (instead of indicating)

L101 use of the D1R1 terminology that is not yet introduced

Figure 1 and related text:

Please clarify how the random distributions were simulated. From the Methods, it is clear how the simulated images were treated, processed and analyzed, but it was not clear how the initial random distributions were actually generated in the first place. E.g. was an existing ImageJ plug-in used, or was there a custom script used to do this? This information will be helpful for other researchers in the field that want to do similar analyses.

For the Figure, please increase font sizes wherever possible, including making it easier to see "leptotene" and zygotene". Move P values from the supplement to the main figure, putting them under each relevant graph.

FigS1: not clear why the D values as defined were chosen to be provided- this parameter seems rather uninformative for capturing important features of the data distribution.

Figure 2 and related text:

How were foci manually selected (what criteria)? How were the ROIs selected (centered on what)? How was the size of the ROIs chosen?

Fig 2G x-axis label "Number of clusters in ROI"

P9: Any claims about differences in the frequencies of different focus categories should be backed up statistically.

Figure 3 and related text:

P9-10: Again, claims are made regarding classes that increase during meiotic progression in WT or in the Sycp1 mutant; need to show statistical support to make these claims.

Also, this is where it begins to be relevant and important to display the information in two different ways, so that BOTH the FRACTION of foci that are of each given class and the (per nucleus average) NUMBERS of foci of each class at a given stage are represented. This is necessary for thinking reasonably about whether it is appropriate to consider one class transitioning to another as prophase progresses. It may be worth considering stacked bar graphs as a useful way for representing both of these points, representing each category with a different color to make it easier to compare the distributions for each stage side by side. Here, the FRACTION graph uses the "parts of a whole" approach, totaling to 100%, while in the average NUMBERS graph the totals would be different for each stage. This would be especially helpful in thinking about comparisons between WT and Sycp1 mutant, where the numbers of foci present at the different stages are very different.

Figure 4 and related text:

As presented, I found this figure very confusing, in part because initially I wasn't quite sure what you meant by "absolute frequency", "average frequency" and "relative frequency". I ended up concluding that this was trying to represent the same things I discussed above for Figure 3 (i.e. fraction in each class, vs average number \[per nucleus\] in each class). This was confusing in part because of the axis labels and in part because only the foci in these three classes were being considered, which may be problematic for thinking about progression, as discussed above.

If the data in Fig 3 are presented in stacked bar graphs as discussed above, it is likely that this figure will be unnecessary, as the information will already be represented in a way that makes stage to stage comparisons easier and more intuitive.

The only piece of information that would not be represented already is 4C.

L 235-6: reword (and provide p-value), as the current sentence construction is inaccurate, since all classes of foci occur preferentially on unsynapsed axes (as opposed to synapsed axes).

Figs 6 and 7:

Include legend to indicate the use of color in the quadrant maps.

Fig 8:

The graphs in C are so tiny and so blurry that I didn't even notice the blue and yellow dots until I read the figure legend. Increase size of graphs, increase relative size of the data dots, and indicate what they represent on the figure itself.

Discussion:

L385: Here should include reference to the C. elegans data on paired RAD51 foci.

L426: "... increase in both the number and fraction of foci in the D1R1 configuration..." . Also in this section, consider how you are using the term frequency, as discussed above.

Methods:

Nearest neighbor: what fraction of foci were outside the mask? What was the width of the mask?

Random simulation: see above regarding Fig 1

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Dr. Baarends,

Thank you very much for submitting your Research Article entitled \'Super-resolution imaging of RAD51 and DMC1 in DNA repair foci reveals dynamic distribution patterns in meiotic prophase\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by an independent peer reviewer. The reviewer and I appreciated your revisions and I find the paper is now nearly acceptable.  There are, however, a few more points that I\'d like you to address, in addition to those provided by the reviewer.  

Line126 "selected foci in leptotene and zygotene" do you mean "selected [nuclei"]{.ul}?

Line 156 Why did you not consider the possibility that the non-random peak at 800 nm represents the equivalent of the paired co-foci we observed at around 400 nm in budding yeast? 

Line 251 Don't you need to specify \"paired\" co-foci? i.e. "confirmed the notion that **paired **RAD51-DMC1 co(nano)foci are rare"  

Line 311-314. I think this passage is still unclear. I think you are trying to say something like "the greater distance between the two centers of mass of RAD51-RAD51 (or DMC1-DMC1) nano-focus pairs, as compared to the distance between the two centers of mass of adjacent Rad51-Dmc1 pairs, truly reflects greater spatial separation and cannot be accounted for by elongated focus shape alone."

Line 463.  See comment re Line 156. You do seem to entertain the possibility that the two ends could be farther apart than 300 nm, but why then is the 800 nm peak not a candidate for truly paired co-foci? 

Line 535-539. We proposed that more than one focus could occupy a ssDNA tract on one end of a DSB given the small size of foci relative to the predicted length of ssDNA tracts. Are you excluding this possibility for some reason?

Fig 2F.  I apologize that I did not examine the high-resolution version of this figure as carefully as I might have on the first submission.  Now that I am looking carefully at the high res version of the figure, I see what you were talking about regarding "clusters." For example, many D1R1s have multiple distinct maxima for at least one of the two immuno-stains. I appreciate that the approach of converting to binary images was needed to reduce the complexity of the images to a form that allowed you to place ROIs into categories, but clearly a lot of detail was lost as a result of the conversion. I think a few sentences should be added to the discussion to highlight this issue---i.e. that the method of analysis simplified the structural complexity of ROIs significantly, but the simplification was required to provide a means to detect differences in focus configurations between stages and genotypes. 

Also, I think the way Fig 2F is designed is awkward. Rather than having a color-coded boundary on different parts of the figure, it would be simpler to separate the groups of examples with a white border and place a label above each group.  

What are the examples below the blue border that have no designation currently?  

Same issues apply for Sup Figure 3 E. 

Fig 6. The use of standard error in the plot in C obscures the large range of size measurements represented in B. I wonder if a scatter plot or some other method of data presentation would be more informative regarding the obviously wide range of axis-to-focus-center measurements. 

Sup Fig 2C. Eliminate the redundant presentation of the data resulting from the symmetry of the table format. Boxes on and above the diagonal should be eliminated as should the P column.  Same change for Sup Figure 3C; there are only 3 comparisons in that table.

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

Please let us know if you have any questions while making these revisions.

Yours sincerely,

Douglas K. Bishop

Guest Editor

PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: I am satisfied with the authors' responses, which have made the figures and the descriptions of the analyses more clear.

The new analysis measuring the distances of foci to the axis is a nice addition to the work- here it would be more informative to represent the range of distance measurements rather than a simple bar graph with SEM error bars -- at a minimum, use SD for error bars, but best to use either box and whiskers or vertical scatter plot so the full distribution and range of distances can be visualized.

The more complete description of the method for generating random distributions for Figs 1 and S1 is appreciated. I also like the solution the authors chose to address the reasons for and possible complications caused by using a mask, i.e., by presenting nearest-neighbor analyses conducted both with and without an Sycp3 mask. The only remaining comments I have are in regards to the presentation and outcomes of these analyses:

In the legend for Fig 1, please state that the distance distributions are for foci associated with Sycp3 masked regions.

In the legend for Fig S1, please state that the distance distributions are for all foci within the analyzed nuclei.

I am struck by the fact that the sharp peaks for D-D and R-R nearest neighbor distances at 700-800 nm not only persisted when all foci were analyzed, but actually increased (as a fraction of total distances). I appreciate that the authors are being judiciously circumspect about interpreting the possible basis for the 800 nm peaks, but this finding does warrant further discussion. The fact that this feature was not dampened, but instead emphasized in the "all foci" analysis suggests that use of the axis mask was partially obscuring the effect. This in turn raises the possibility that some axis associated foci might have a corresponding partner focus located out in a loop and/or extended along the axis, and/or reaching out to the homolog -- perhaps the other side of the DSB? The 700-800 nm distance is clearly longer than the typical distances between the paired foci observed in yeast or worms, but is it really ruled out that they could represent partner foci? At a minimum, this issue needs to be discussed, and may affect how some statements are made in the abstract.
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**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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Dear Dr Baarends,

We are pleased to inform you that your manuscript entitled \"Super-resolution imaging of RAD51 and DMC1 in DNA repair foci reveals dynamic distribution patterns in meiotic prophase\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Douglas K. Bishop

Guest Editor

PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics

[www.plosgenetics.org](http://www.plosgenetics.org)

Twitter: \@PLOSGenetics
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Comments from the reviewers (if applicable):

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Data Deposition**

If you have submitted a Research Article or Front Matter that has associated data that are not suitable for deposition in a subject-specific public repository (such as GenBank or ArrayExpress), one way to make that data available is to deposit it in the [Dryad Digital Repository](http://www.datadryad.org). As you may recall, we ask all authors to agree to make data available; this is one way to achieve that. A full list of recommended repositories can be found on our [website](http://journals.plos.org/plosgenetics/s/data-availability#loc-recommended-repositories).

The following link will take you to the Dryad record for your article, so you won\'t have to re‐enter its bibliographic information, and can upload your files directly: 

<http://datadryad.org/submit?journalID=pgenetics&manu=PGENETICS-D-19-02118R2>

More information about depositing data in Dryad is available at <http://www.datadryad.org/depositing>. If you experience any difficulties in submitting your data, please contact <help@datadryad.org> for support.

Additionally, please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying display items are included with the submission, and you will need to provide this before we can formally accept your manuscript, if not already present.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Press Queries**

If you or your institution will be preparing press materials for this manuscript, or if you need to know your paper\'s publication date for media purposes, please inform the journal staff as soon as possible so that your submission can be scheduled accordingly. Your manuscript will remain under a strict press embargo until the publication date and time. This means an early version of your manuscript will not be published ahead of your final version. PLOS Genetics may also choose to issue a press release for your article. If there\'s anything the journal should know or you\'d like more information, please get in touch via <plosgenetics@plos.org>.
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Dear Dr Baarends,

We are pleased to inform you that your manuscript entitled \"Super-resolution imaging of RAD51 and DMC1 in DNA repair foci reveals dynamic distribution patterns in meiotic prophase\" has been formally accepted for publication in PLOS Genetics! Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out or your manuscript is a front-matter piece, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Genetics and open-access publishing. We are looking forward to publishing your work!

With kind regards,

Jason Norris

PLOS Genetics

On behalf of:

The PLOS Genetics Team

Carlyle House, Carlyle Road, Cambridge CB4 3DN \| United Kingdom
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